Introduction {#Sec1}
============

Obesity is a complex metabolic condition that influences several physiologic systems, including immune function. Alterations in one of these physiologic systems alone or in combination can influence the response of the lungs to inflammatory stimuli dramatically^[@CR1]^. Obesity increases people's susceptibility to the bacterial infections, severe illness and death caused by bacteria-induced lung injury^[@CR2],[@CR3]^.

Interestingly, recent studies have shown that obesity played a protective part in pneumonia^[@CR4],[@CR5]^. Preliminary study of Gu reported that obesity could alleviate oxidative damage and inflammation of mice spleen under the condition of non-fatal acute pneumonia induced by *Escherichia coli*^[@CR6]^. These results suggested that obesity could enhance the immune response of mice spleen against pulmonary infection.

Apoptosis is an important process for normal development and maintenance of host homeostasis in multicellular organisms^[@CR7],[@CR8]^. It can be initiated or inhibited by various environmental stimuli as well as physiologic and pathologic conditions (e.g., oxidative stress)^[@CR9]^. Apoptosis affects the stability of the immune system *via* regulation of gene expression and/or protein activity^[@CR9]^. Obesity and infection can induce the apoptosis of spleen cells (SCs). For example, Wang *et al*.^[@CR10]^ reported that mice fed a high-fat diet (HFD) had increased apoptosis of T regulatory cells in the spleen compared with that in control mice, that expression of B-cell lymphoma-2-associated X protein (Bax) and caspase-3 was increased, and that B-cell lymphoma (Bcl)-2 expression was decreased, in diet-induced obesity (DIO)-group mice. Furthermore, increased apoptosis of SCs in lipopolysaccharide (LPS)-treated rats was found, and that Bcl-2 expression decreased and Bax expression increased^[@CR11]^.

The spleen is the largest immune organ in humans. It participates in humoral and cellular immune responses through its role in the generation, maturation and storage of lymphocytes^[@CR12]^. Changes in SC apoptosis may affect the immune response of obese people suffering from a bacterial infection.

Until now, very little information has been available on SC apoptosis between obese and normal mice that have *E. coli* infection. To fill this knowledge gap, we observed the pathologic histology of the spleen, and measured the rate of apoptosis and expression of apoptosis-related genes and proteins (Bcl-2, Bax, caspase-3, caspase-9) in mice with *E. coli* infection. Our results could provide new experimental evidence for understanding apoptosis of spleen cells in diet-induced-obese mice in non-fatal acute pneumonia induced by *E. coli* infection.

Materials and Methods {#Sec2}
=====================

Ethical approval of the study protocol {#Sec3}
--------------------------------------

Protocols on the care and study of animals were approved by the *Guidelines for the Care and Use of Laboratory Animals* (National Institutes of Health, Bethesda, MD, USA) and the Ethics Committee of Sichuan Agricultural University (Chengdu, China), respectively. All methods were performed in accordance with the relevant guidelines and regulations.

Treatment of experimental animals {#Sec4}
---------------------------------

Four hundred male Kunming mice (3 weeks) were purchased from Dashuo Animals (Chengdu, China) and were housed under specific pathogen-free conditions. During experimentation, mice had access *ad libitum* to steriled commercial diets from Dashuo Animal Center (Chengdu, China) for 8 weeks^[@CR4],[@CR13]^. Ambient temperature was maintained at 22--24 °C, and mice were subjected to a 12-h light--dark cycle. After 1 week of acclimatization to their environment, mice were divided randomly into two groups: Lean (n = 200) and DIO (n = 200). The body weights of mice in each feeding groups were measured every week, by which DIO mice could be obtained after 8 weeks^[@CR4]^.

E. coli {#Sec5}
-------

*E. coli* was obtained from the Veterinary Medical Laboratory of Sichuan Agricultural University (Chengdu, China). Previously, we demonstrated that mice infected with *E. coli* (4 × 10^9^ CFU/mL) *via* the intranasal route had typical pulmonary inflammation but did not die. *E. coli* was cultured at 37 °C for 20 h in lysogeny broth medium to obtain a bacterial liquid. The latter was centrifuged and suspended in PBS to produce inocula.

Intranasal infection {#Sec6}
--------------------

Mice were divided further into four groups: Lean- PBS (n = 100), Lean-*E. coli* (n = 100), DIO-PBS (n = 100) and DIO-*E. coli* (n = 100). Mice from Lean-*E. coli* and DIO-*E. coli* groups underwent intranasal instillation with 40 μL of a suspension containing \~10^9^ CFU of *E. coli*. Mice from Lean- PBS and DIO-PBS groups were given the same dose of PBS^[@CR4],[@CR5]^. Two mice which died within 6 h of intranasal instillation were removed.

Histopathology and staining {#Sec7}
---------------------------

At 0 h (uninfected), 12 h, 24 h, and 72 h postinfection, eight mice in each group were sacrificed, the spleen tissues were analyzed and photographed. Spleen tissues were fixed in 4% paraformaldehyde, and processed routinely in paraffin. Then, they were dehydrated, embedded in paraffin, sectioned (thickness, 4\~5 μm) and stained with hematoxylin and eosin (H&E) or TUNEL assay. The DNA fragmentation indicative of apoptosis was tested using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay^[@CR14]^. Slides were stained by TUNEL using an apoptosis detection kit according to manufacturer ((Boster, Wuhan, China) instructions. Slides were viewed under a light microscope (BX 43; Olympus, Tokyo, Japan) and photographed.

Splenocyte preparation {#Sec8}
----------------------

At 0 h (pre-infection), 12 h, 24 h, and 72 h (post-infection), excised spleens were made into cell homogenates and centrifuged at 1000 × *g* for 5 min at 4 °C to precipitate them. The cell concentrations were adjusted to \~10^6^/mL by PBS and were stored at 4 °C. Then, 5 µL of annexin V-fluorescein isothiocyanate (V-FITC; 51-66121E; BD Pharmingen, San Jose, CA, USA) and propidium iodide (PI; 5 µL) were added to 100 µL of the cell suspensions. After that, spleen cell suspensions were incubated for 15 min at 22 °C in the dark. 400 µL of binding buffer (BD Pharmingen, USA, 559763) was added to the cell suspensions. Then, the cell suspensions were Vortex oscillation mixied.

Determination of the apoptosis rate by flow cytometry {#Sec9}
-----------------------------------------------------

At 0 h (uninfected), 12 h, 24 h, and 72 h postinfection, eight mice in each group were sacrificed, the spleen tissues were analyzed. Apoptosis rates in the spleen were examined by flow cytometry using BD FACSCalibur™ (BD Biosciences, San Diego, CA, USA) within 1 h. Fluorescence-activated cell sorting was done with a sample size of 10,000 cells gated on the basis of forward and sideward scatter. Data were stored and processed using Flowjo (BD Biosciences).

Quantitative real-time polymerase chain reaction (qRT-PCR) {#Sec10}
----------------------------------------------------------

At 0 h (uninfected), 12 h, 24 h, and 72 h postinfection, eight mice in each group were sacrificed, the spleen tissues were analyzed. Gene expressions in spleen tissues were measured using qRT-PCR. Total RNA was isolated from the spleen using RNAiso Plus (9108/9109; Takara Bio, Tokyo, Japan). Complimentary (c) DNA was synthesized from total RNA in the spleen by a PrimeScript™ RT reagent kit (RR047A; Takara Bio) according to manufacturer instructions. And then, the cDNA was used as a template for qRT-PCR analysis. For qRT-PCR reactions, 10 μL mixtures were made by using SYBR^®^ Premix Ex Taq™ II (DRR820A, Takara Bio), containing 5 μL Tli RNaseH Plus, 0.4 μL of forward and 0.4 μL of reverse primer, 3.4 μL RNAase-free water and 0.8 μL cDNA. Gene expressions of Bax, Bcl-2, Caspase-3, and Caspase-9 were quantified, β-actin (Sangon Biotech, Shanghai, China) was used as an internal standard.

The following mouse primers (forward and reverse, respectively) were used: Bcl-2 AGCCTGAGAGCAACCCAAT and AGAGGATGACCACCACAAAG; Bax, ATGCGTCCACCAAGAAGC and CAGTTGAAGTTGCCATCAGC; caspase-3, ACATGGGAGCAAGTCAGTGG and CGTCCACATCCGTACCAGAG; caspase-9, GAGGTGAAGAACGACCTGAC and AGAGGATGACCACCACAAAG; β-actin, TGCTGTGTTCCCATCTATCG and TTGGTGACAATACCGTGTTCA.

These gene primers were designed by Primer 5 and obtained from Sangon Biotech. Cycling conditions were: 95 °C for 3 min followed by 44 cycles of 10 s at 95 °C, 30 s at 60 °C, and 10 s at 72 °C. Cycling was done using the LightCycler^®^ 480 Real-Time PCR system (Roche, Basel, Switzerland). Transcripts were quantified by the 2^−ΔΔCt^ method.

Western blotting {#Sec11}
----------------

At 12 h postinfection, three mice in each group were sacrificed, the spleen tissues were observed. Spleen tissues were lysed and proteins extracted with RIPA lysis buffer. Then, spleen total lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 12% gels and transferred to nitrocellulose membranes for 30 min in electrophoretic transfer cells. Subsequently, these nitrocellulose membranes were blocked in 2% non-fat dry milk for 1 h and incubated overnight at 4 °C with the primary antibodies Bax (ab32503), Bcl-2 (ab182858), caspase-3 (ab184787) and caspase-9 (ab202068), which were all from Abcam (Cambridge, UK). The nitrocellulose membranes were washed thrice (15-min each) with TBS-Tween (TBST) and incubated with secondary antibodies (7074; Cell Signaling Technology, Danvers, MA, USA) for 1.5 h, and washed thrice (15-min each) with TBST. The blots were visualized by ECL^TM^ Chemiluminescence reagent (Beyotime technology, P0018A) and captured on the X-ray film. Protein expression was processed using Image-Pro^®^ Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

Statistical analyses {#Sec12}
--------------------

The significance of difference between two groups was analyzed by the independent samples *t* test, whereas the significant differences among four groups within 72 h experiment were analyzed by variance analyses (LSD or Dunnett's T3). The results were expressed as means ± standard deviation. The analyses were performed using SPSS 17.0 software (IBM Corp, Armonk, NY, USA) for Windows. Statistical significance was considered at *p* \< 0.05.

Ethical approval of the study protocol {#Sec13}
--------------------------------------

Protocols on the care and study of animals were approved by the *Guidelines for the Care and Use of Laboratory Animals* (National Institutes of Health, Bethesda, MD, USA) and the Ethics Committee of Sichuan Agricultural University (Chengdu, China), respectively.

Results {#Sec14}
=======

Spleen histopathology {#Sec15}
---------------------

Spleens of Lean-*E. coli* groups and DIO-*E. coli* groups had normal histology with clear white pulp and red pulp at 0 h, but slight hyperemia of red pulp were found in the DIO-*E. coli* groups (Fig. [1](#Fig1){ref-type="fig"}). At 12 hours, the red marrow areas of Lean-*E. coli* groups were congested. In the areas, the number of multinucleated giant cells increased, the arrangement of white marrow lymphocytes were loose, and the spleen nodules were empty. While the red marrow areas of DIO-*E. coli* groups were congested, and there were macrophages and multinucleated giant cells in the areas. At 24 hours, a small amounts of plasma cells, neutrophils, macrophages, megakaryocytes and vacuoles were found in the marginal area of spleen of Lean-*E. coli* groups. And vacuoles were found in the sinuses of spleen. At 72 hours, the spleen of Lean-*E. coli* groups and DIO-*E. coli* groups showed red pulp hyperemia.Figure 1Changes in histologic structure of mouse spleens. Spleen sections were observed by light microscopy to examine spleen architecture. N = 8 mice per group. Scale bar = 20 μm.

Apoptosis rates of SCs by flow cytometry {#Sec16}
----------------------------------------

The rates of SC apoptosis were tested by detecting the total percentage of early (Annexin-V- positive and PI-negative) and late (Annexin-V-positive and PI-positive) apoptotic cells using flow cytometry. The rates of SC apoptosis in the DIO-PBS groups were significantly higher than those of the Lean-PBS groups across all time points (*p* \< 0.05) (Fig. [2A--E](#Fig2){ref-type="fig"}). The SC apoptosis rates of the Lean-*E. coli* groups were significantly higher than those of the Lean- PBS groups at 12 h and 24 h (*p* \< 0.05) and, conversely, those of the DIO-*E. coli* groups were significantly lower than those of the DIO-PBS groups (*p* \< 0.05). The apoptosis rates of SC of the DIO-*E. coli* groups were significantly lower than those of the Lean-*E. coli* groups at 12 h and 24 h (*p* \< 0.05).Figure 2Changes in the apoptosis rate in mouse spleens during *E. coli* infection. (**A--D**) Assessment of SC apoptosis in DIO-group and lean-group mice 12 h after infection. (**A**) Lean-PBS, (**B**) Lean-*E. coli*, (**c**) DIO-PBS, (**D**) DIO- *E. coli*. (**e**). Assessment of SC apoptosis in DIO-group and lean-group mice during infection. Values are expressed as means ± SD (n = 8 mice per group). Asterisks indicate significant difference between Lean-*E.coli* and Lean-PBS, as well as DIO-*E. coli* and DIO-PBS (*p* \< 0.05). Hash indicate significant difference between DIO-PBS and Lean-PBS, as well as DIO-*E. coli* and Lean -*E. coli* (*p* \< 0.05).

SCs apoptosis by TUNEL assay {#Sec17}
----------------------------

As shown in Fig. [3](#Fig3){ref-type="fig"}, apoptotic cells with brown-stained nuclei were found in the spleen by the TUNEL assay. And the apoptotic cells showed nuclear condensation and irregular shapes.Figure 3Histology of SCs using the TUNEL assay. Apoptotic cells with brown-stained nuclei were found in mouse spleens by the TUNEL assay, with nuclear condensation and irregular shapes. Images were taken at 400**×** magnification. N = 8 mice per group. Scale bar = 20 μm.

Expression of the mRNA of bcl-2, bax, caspase-3 and caspase-9 by qRT-PCR {#Sec18}
------------------------------------------------------------------------

According to qRT-PCR, expression of the pro-apoptotic gene Bax of the DIO-groups were higher than those of Lean-groups at 0 h, respectively (*p* \< 0.05). Meanwhile, compared with Lean-groups, a lower ratio of Bcl-2: Bax and higher expressions of caspase-3 and caspase-9 were found in the DIO-groups at 0 h (*p* \< 0.05). After intranasal instillation of *E. coli*, the mRNA levels of Bcl-2 and Bcl-2:Bax ratio of the DIO-*E. coli* groups were significantly higher than those of the DIO-PBS groups. And the mRNA levels of Bax, caspase-3, and caspase-9 of the DIO-*E. coli* groups were significantly lower than those of the DIO-PBS groups (*p* \< 0.05) (Fig. [4](#Fig4){ref-type="fig"}). The mRNA levels of Bcl-2 and the Bcl-2:Bax ratios of the Lean-*E. coli* groups were lower than those of the Lean- PBS groups at 12 h. And the mRNA levels of Bax, caspase-3 and caspase-9 of the Lean-*E. coli* groups were higher than those of the Lean- PBS groups (*p* \< 0.05). Interestingly, the mRNA levels of Bcl-2 and the Bcl-2: Bax ratios in the DIO-*E. coli* groups were higher than those of the Lean-*E. coli* groups at 12 h, while the mRNA levels of Bax and caspase-3 were lower than those of the Lean-*E. coli* groups at 12 h (*p* \< 0.05).Figure 4Changes in expression of apoptotic genes in mice after *E. coli* infection. (**A**) Bcl-2, (**B**) Bax, (**C**) Bcl-2: Bax ratio, (**D**) caspase-3 and (**E**) caspase-9. Values are expressed as means ± SD (n = 8 mice per group). Asterisks indicate significant difference between Lean-*E.coli* and Lean-PBS, as well as DIO-*E. coli* and DIO-PBS (*p* \< 0.05). Hash indicate significant difference between DIO-PBS and Lean-PBS, as well as DIO-*E. coli* and Lean -*E. coli* (*p* \< 0.05).

Expression of the proteins of bcl-2, bax, caspase-3 and caspase-9 by western blotting {#Sec19}
-------------------------------------------------------------------------------------

As shown in Fig. [5](#Fig5){ref-type="fig"}, at 12 h, expressions of Bcl-2 protein of the Lean-*E. coli* groups were lower than those of Lean- PBS groups, and expressions of Bcl-2 protein of the DIO-*E. coli* groups were higher than those of DIO-PBS groups (*p* \< 0.05). At 12 h, expressions of the proteins of Bax, caspase-3 and caspase-9 of the Lean-*E. coli* groups were higher than those of the Lean- PBS groups, and expressions of these same proteins of the DIO-*E. coli* groups were lower than those of the DIO-PBS groups (*p* \< 0.05). Interestingly, expression of Bcl-2 protein of the DIO-*E. coli* groups were higher than those of the Lean-*E. coli* groups (*p* \< 0.05). Expression of the proteins of Bax, caspase-3 and caspase-9 of the DIO-*E. coli* groups were lower than those of the Lean-*E. coli* groups (*p* \< 0.05). Moreover, the Bcl-2: Bax ratios were decreased significantly in lean-groups mice while increased in DIO-groups mice at 12 h. Besides, the Bcl-2: Bax ratios in the DIO-*E. coli* groups were higher than those of the Lean-*E. coli* groups (*p* \< 0.05).Figure 5Changes in protein expression of Bcl-2, Bax, caspase-3, and caspase-9 in mouse spleens at 12 h. (**A**) Western blots. (**B**) Quantitative analysis of Bcl-2 expression. (**C**) Quantitative analysis of Bax expression. (**D**) Bcl-2:Bax ratio. (**E**) Quantitative analysis of caspase-3 expression. (**f**) Quantitative analysis of caspase-9 expression. Values are expressed as means ± SD (n = 8 mice per group). Asterisks indicate significant difference between Lean-*E.coli* and Lean-PBS, as well as DIO-*E. coli* and DIO-PBS (*p* \< 0.05). Hash indicate significant difference between DIO-PBS and Lean-PBS, as well as DIO-*E. coli* and Lean -*E. coli* (*p* \< 0.05).

Discussion {#Sec20}
==========

Obesity is a chronic, low-grade inflammatory reaction and influences non-specific and specific immune responses mediated by humoral and cell-mediated mechanisms^[@CR15]^. The spleen, as the largest peripheral lymphatic organ in humans and rodents, is central to the efficient functioning of the immune response^[@CR16],[@CR17]^. The spleen can synthesize antibodies in its white pulp and remove antibody-coated bacteria and antibody-coated blood cells by way of blood and lymph-node circulations. Hence, changes in spleen structure affect the immune status of the host.

A significant relationship between HFD intake and splenic disorganization in mice has been documented^[@CR18]^. Yamano *et al*.^[@CR19]^ noted an increased percentage of splenic red pulp and macrophages in mice fed a HFD, and elemental iron was deposited mainly in red pulp. During splenomegaly, many immune cells are released to participate in immune defense when the host is infected^[@CR11],[@CR20]^. In the present study, the spleen structures showed differences among different treatment groups. Structural disorganization due to comorbidities (obesity and infection) may alter microenvironments within the spleen, which then showed different immune responses in Lean-mice and DIO- mice^[@CR18]^. We will do further verification in the next test.

Apoptosis plays a major part in determining cellular fate, and is involved in physiologic and pathologic processes^[@CR21]^. Apoptosis is actively involved in immunosuppression in various circumstances^[@CR22]^. Obesity can induce apoptosis in skeletal muscle^[@CR23]^, adipose tissue^[@CR24]^, the liver^[@CR25]^ and heart^[@CR26]^. However, the effect of obesity on SC apoptosis has been reported rarely. In the present study, after 8 weeks of consuming a HFD, compared with lean mice, an increase in SC apoptotis was detected in DIO-group mice by flow cytometry and the TUNEL assay, data that are in accordance with previous studies^[@CR10],[@CR27]^. Bacterial infection can induce the apoptosis of macrophages^[@CR28]^, neutrophils^[@CR29]^, monocytes and T cells^[@CR30]^. Furthermore, Schreiber *et al*.^[@CR31]^ found that pneumonia could be induced in animals by *Streptococcus pneumoniae* or *Pseudomonas aeruginosa*, and that lymphocyte apoptosis in the spleen occurred according to flow cytometry. In the present study, after infection, there were increased SC apoptosis of lean-groups mice and decreased SC apoptosis of DIO-groups mice. Furthermore, SC apoptosis in DIO-groups mice were lower than those of lean-groups mice after infection. Besides, in our previous test, DIO-group mice exhibited stronger spleen antioxidant capacities after intranasal instillation of 10^9^ CFUs/mL of *E. coli*^[@CR6]^. Thus, we hypothesized there were three possible reasons. Firstly, obese mice suffering from *E. coli* infection might leaded to increased production of splenic lymphocytes. Secondly, due to spleen cells being exchanged with blood cells during infection^[@CR32]^, the decrease in the number of apoptotic spleen cells in obese mice might cause more spleen cells (lymphocytes, macrophages, red blood cells) to be released into blood and then migrated to the lungs, thereby leading to the recruitment of lung lymphocytes and promotion of the immune response. Thirdly, the results may be related to the decrease in oxidative activity and inflammation in spleens of obese mice. However, whether different concentrations of bacterial suspension can account for such controversial results or not will be further tested.

The "intrinsic" mitochondria-dependent apoptotic pathway (MDAP) is regarded as one of the major pathways that triggers apoptosis directly. It starts from within the cell and results in the release of several pro-apoptotic factors from the intermembrane space of mitochondria^[@CR9]^. The MDAP is regulated mainly by anti-apoptotic proteins and pro-apoptotic proteins, such as Bcl-2 and Bax^[@CR33]--[@CR35]^. The Bcl-2: Bax ratio determines cell survival by regulating apoptosis: a high Bcl-2: Bax ratio inhibits apoptosis and *vice versa*^[@CR34],[@CR36],[@CR37]^. Zhang *et al*. reported apoptosis of endothelial cells in mice fed a HFD by downregulation of Bcl-2 expression^[@CR38]^. A similar picture has been observed in skeletal muscle^[@CR23]^ and the heart^[@CR26]^. The present study showed that expressions of the mRNA and protein of anti-apoptotic Bcl-2 reduced, whereas expressions of those of pro-apoptotic Bax increased. Also, the Bcl-2:Bax ratio of DIO-groups mice spleen decreased. Infection with intracellular pathogens also induces the apoptosis of host cells by regulation of Bcl-2 and Bax^[@CR39]^. Xiao *et al*.^[@CR11]^ found that increased SC apoptosis in LPS-treated rats could be promoted by down-regulation of Bcl-2 expression and up-regulation of Bax expression. Interestingly, in the present study, expressions of gene and protein of the Bcl-2 and Bcl-2: Bax ratios in SCs in DIO-group mice increased, whereas expressions of the Bax gene and protein decreased, after *E. coli* infection. Directly opposite effects were noted in lean mice, which contributed to alleviation of SC apoptosis in obese mice after infection.

In the MDAP, caspase-9 participates in its initiation, and caspase-3 participates in its execution, and both have important roles in apoptosis^[@CR40],[@CR41]^. Expressions of caspase-3 and caspase-9 were higher of obese rat hearts than those of lean rat hearts^[@CR26]^. We showed that expressions of caspase-3 and caspase-9 of the DIO-groups mice spleens were higher than those of lean-groups mice at 0 h. Splenic apoptosis increased for active caspase-3 and caspase-9 in gram-positive or gram-negative pneumonia^[@CR31]^. In the present study, expressions of protein caspase-3 and protein caspase-9 of the DIO-*E. coli* groups decreased. While after *E. coli* infection, expressions of protein caspase-3 and protein caspase-9 of the Lean-*E. coli* groups increased. Therefore, our findings strongly suggested that SC apoptosis of the DIO-groups mice were lower than those of lean-groups mice after *E. coli* infection. These data suggested a beneficial effect of obesity upon infection. In conclusion, the SC apoptosis was more active in obese mice than in lean mice. Interestingly, the DIO-groups mice could alleviate SC apoptosis during pneumonia through increased expression of the anti-apoptotic Bcl-2 gene and decreased expression of the pro-apoptotic Bax, caspase-3, caspase-9 genes. These results demonstrated, for the first time, potential changes in splenic immune function in obese mice with pneumonia through alteration of SC apoptosis. Of course, further studies on apoptotic pathways or possible mechanisms are demanded to clarify the relationship between obesity and infection.
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